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ABSTRACT

A wildland fire experiment was conducted on a 40-ha tall grass prairie in Texas to study fire-atmosphere in-
teractions. The experiment coincided with a Red Flag Warning, signifying specific weather conditions associated
with an elevated risk of wildfire ignition and rapid spread. This provided a rare opportunity to observe wildland
fire behavior and its impact on atmospheric flows under conditions deliberately avoided in similar experiments.
This study analyzed the high frequency meteorological data collected during the experiment using three-
dimensional sonic anemometers mounted on a 43-m tower (at 5.8, 10 and 20 m) and on three 10-m towers
(at 5.3 m) within the burn block. The tower placements were carefully chosen to capture the impact of both head
and flank fires on the mean and turbulent flows. The hypothesis is that fire-induced perturbations in the lower
atmosphere, quantified through parameters like turbulent kinetic energy (TKE) and vertical fluxes, would be
substantially stronger than those observed in similar wildland fires under less fire-prone atmospheric conditions.
While this hypothesis was validated for heat flux and TKE, it did not hold for momentum fluxes or friction
velocity. Additionally, the observations failed to confirm the hypothesis that head fires would produce more
intense perturbations than flank fires. Given the homogeneity of fuel, terrain and meteorological elements across
the burn unit, this underscores the challenge of disentangling the effects of fire type from other natural factors in
a real-world setting. Nevertheless, the finding holds promise for improving turbulence parameterizations in fire-
behavior and smoke dispersion models.

1. Introduction

pivotal in augmenting preparedness and increasing resilience in eco-
systems, communities, and firefighting strategies.

The escalating impact of wildland fires, amplified by the effects of
climate change, has raised significant concerns regarding their scale and
destructiveness across much of the western US and around the world.
The shift towards longer fire seasons and larger fires, propelled by
increased fuel availability and atmospheric aridity, has been widely
documented (e.g., Abatzoglou and Williams, 2016; Zhong et al., 2021).
While there is a wealth of research into climate change impacts on
wildfires (e.g., Balch et al., 2017; Liu et al., 2017; Halofsky et al., 2020),
the dynamics of fire-atmosphere interactions remains inadequately un-
derstood (Clements et al., 2019; Desai et al., 2022). In light of the
evolving wildfire landscape and amplified climate change-related risks,
there is an urgent need to gain a more comprehensive understanding of
fire-atmosphere interactions (Hiers et al., 2020). This knowledge is

Wildland fires hold the potential to reshape the local atmospheric
environment, thereby affecting fire behavior through fire-atmosphere
interactions (Potter 2002; 2012; Sun et al., 2009). These interactions
arise primarily from combustion heat release, which results in convec-
tion into the lower atmosphere, giving rise to organized updrafts as
strong as 40-60 m s ! extending from the surface to mid troposphere
and the potential formation of pyrocumulus clouds (Fromm et al., 2010;
Rodriguez et al., 2020; Peterson et al., 2021). The intense heat and the
rapid vertical air movement can also lead to the development of fire
swirls or whirls, also known as fire vortexes (Forthofer and Goodrick,
2011; Ahmad et al., 2023). These swirling columns of flames and smoke
bear resemblance to tornadoes, and on occasion, they manifest as actual
tornadoes (Forthofer, 2019; Lareau et al., 2022). The rapidly rising air
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interacts with cooler ambient air to produce strong downdrafts capable
of driving the fire in various directions, contributing to erratic fire be-
haviors (Lareau et al., 2022).

The rapid fluctuations in wind speed and direction associated with
intense heat are conducive to significant turbulence production (Sun
et al., 2009; Finney et al., 2011; Filippi et al., 2018; Clements et al.,
2019). This fire-induced turbulence plays a pivotal role in modifying the
rate of fire spread (Jonko et al., 2021; Katurji et al., 2022a). In areas
characterized by strong turbulence, there is a propensity for rapid fire
spread due to increased oxygen supply and heat release during com-
bustion, whereas regions with weaker turbulence often experience a
slower spread (Clark et al., 1996; Sun et al., 2009; Finney et al., 2011).
Turbulent eddies spawned by these processes can transport burning
embers and debris, potentially igniting spot fires at a considerable dis-
tance ahead of the main fire front (Lareau et al., 2022). Furthermore,
turbulence within the fire’s plume contributes to vorticity generation
through the stretching and tilting of the plume (Finney et al., 2011).
Once initiated, turbulent mixing helps sustain the fire vortex or fire swirl
by bringing in fresh ambient air into the air column. Beyond its impact
on fire behavior, turbulent eddies also play a pivotal role in smoke
transport and dispersion (Heilman et al., 2015). On one hand, turbu-
lence facilitates the thorough mixing of smoke plumes with the sur-
rounding clean air, resulting in the dilution of smoke concentrations and
the mitigation of local air pollution concerns. Conversely, turbulent
mixing also propels smoke particles to higher altitudes, enabling their
transport over extended distances, thereby posing potential implications
for air quality in regions far from the smoke source (Peterson et al.,
2018; Kiefer et al., 2020).

While fire-induced turbulence has been studied in laboratory settings
(e.g. Dupuy, 1995; Kuwana et al., 2008) and through numerical simu-
lations (Clark et al., 1996; Sullivan, 2009; Filippi et al., 2018; Zhang
et al., 2023), the importance of comprehensive field measurements
cannot be overstated, as they provide data in the actual environmental
conditions where wildland fires occur (Hiers et al., 2020). However,
these field experiments come with challenges related to safety, logistics
and instrumentation (Clements et al., 2007, 2019; Seto et al., 2013). To
surmount these hurdles, several wildland fire field experiments have
effectively combined in-situ and remote sensing technologies to collect
valuable real-world data during wildland fires. Prominent examples of
such wildland fire field experiments include the grassfire experiments in
Southeast Texas (Clements et al., 2007, 2019) and California (Seto and
Clements, 2011; Clements and Seto, 2015) of the U.S., the Mediterra-
nean shrub fire experiment in South Corsica France (Morandini et al.,
2006), the crop stubble fire experiments near Darfield New Zealand
(Finney et al., 2018), a series of low-intensity fires in forested and in
grass/shrub environments in Florida and Georgia of the U.S. (Ottmar
et al., 2016), and a series of low-intensity prescribed fires in forest un-
derstory in New Jersey of the U.S. (Heilman et al., 2015, 2019, 2021a;
Clark et al., 2020). These field experiments have played a crucial role in
validating various coupled atmosphere-fire behavior models and
advancing our understanding of how the feedbacks between fire and
atmosphere help shape fire behavior. For instance, data from FireFlux
(Clements et al.,, 2007) have been instrumental in evaluating and
improving the WRF-SFIRE model (Kochanski et al., 2013) and the
ForeFire-Meso-NH model (Filippi et al., 2013). Additionally, these data
have enabled analysis of turbulence generated by different types of fires
under diverse environmental conditions (Seto et al., 2013; M. Katurji
et al., 2022). However, despite these advances, our understanding of
fire-induced turbulence remains limited, especially concerning intense
wildland fires under conditions that do not confirm to the controlled
criteria of prescribed burns (Heilman 2021b).

In this paper, we focus on the influences of an intense grassfire on
turbulence in the atmospheric surface layer, which comprises the lowest
10 % of the atmospheric boundary layer and extends typically from 10 m
to 100 m above the Earth’s surface depending on atmospheric and
surface conditions (Stull, 1988). Specifically, the study is aimed to
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quantify changes in turbulent flow properties caused by a line fire
spreading with the ambient wind through an instrumented micromete-
orological flux tower array. Notably, the fire event took place under a
Red Flag Warning that signifies weather conditions associated with
heightened wildfire risk, making it one of the most intense experimental
grass fires ever monitored by flux towers. It is reasonable to hypothesize
that wildland fires occurring in more fire-prone atmospheric conditions
would exert a greater impact on the ambient atmosphere. The central
question we seek to address pertains to the extent of fire-induced tur-
bulence, as quantified by parameters like turbulent kinetic energy (TKE)
and vertical turbulent fluxes, and how these characteristics compare
with those observed in wildland fires of similar type under less
fire-prone atmospheric conditions. The results of this study can lead to
improved understanding on how fire-induced turbulence can influence
the transport of momentum and scalars between the surface fire and the
ambient atmosphere. The knowledge can be used for developing new or
improving existing turbulence parameterizations in fire behavior and
smoke dispersion models (e.g., QUIC-FIRE, Linn et al., 2020; WRF-FIRE,
Coen et al., 2013; WRF-SFIRE, Kochanski et al., 2013; ARPS-FLEXPART,
Kiefer et al., 2020).

2. Data and method

The data used in this analysis is from the FireFlux II Experiment
conducted on a 40-ha tall grass prairie in La Marque, Southeast Texas on
January 30, 2013 (Clements et al., 2019). The fuel type of the experi-
ment site primarily consisted of dried native grass species, such as big
bluestem (Andropogon gerardi), little bluestem (Schizachyrium scopa-
rium), and long-spike tridens (Tridens strictus). The fuel loading for the
site ranged from 0.41 kg m~2 to 0.81 kg m~2, with an average of 0.64 kg
m~2. On the morning of the burn, the average fuel moisture content
across all sampled vegetation types was recorded at 14 %. The fuels
consumption was 90-95 % over the 46 destructive clip plots.

At the moment of ignition, which occurred at 15:04:08 Local Stan-
dard Time (LST, 6 h behind Universal Time Coordinated or UTC), the
ambient surface air temperature was 15.6°C, relative humidity (RH) was
23.3 %, and the winds were west-northwesterly between 8 and 9 m s,
occasionally gusting up to 20 m s~ '. These conditions, characterized by
exceptional dryness and brisk winds, prompted the issuance of a Red
Flag Warning by the National Weather Service covering the region of
southeast Texas. A Red Flag Warning serves as a vital weather advisory,
designed to notify both the general public and firefighting agencies of
specific weather conditions associated with an elevated risk of wildfire
ignition and rapid spread. The criteria for issuing such warnings may
vary between regions, but, in general, they involve a combination of
high temperatures, low relative humidity, typically below 20-25 %, and
strong winds exceeding 8-11 m s~ or 20-25 miles per hour (mph).
Additional factors taken into account include the state of vegetation and
fuels, as well as recent weather patterns. Consequently, data collected
during this prescribed fire experiment provided a rare opportunity to
observe potential changes to turbulent flows by grass fires occurring
under fire-prone atmospheric conditions that have been deliberately
avoided during prescribed wildland fire experiments.

The experimental design consisted of a number of different instru-
ment platforms and sensor systems. A suite of four meteorological
towers were aligned in a diamond formation to collect high frequency
samples of wind and temperature as the fire spread across the burn block
(Fig. 1). A permanent 43-m tall tower, referred to as the main tower
(MT), was located in the northern portion of the burn block and three
additional 10-m short steel towers were positioned to the southeast
(referred to as Short Tower East, STE), southwest (Short Tower West,
STW) and south (Short Tower South, STS) of the main tower, comprising
the diamond formation (Fig. 1).

This study focuses on the data collected using three-dimensional
(3D) sonic anemometers (Applied Technology, Inc., ATI) mounted at
three levels (20, 10, and 5.8 m) on the main tower and at a single level
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Fig. 1. The burn block and positions of the 43-m main tower and the three 10-m short towers. The blue line contours are fire perimeters determined from the tower-
mounted and airborne infrared cameras. Magenta circles indicate tower positions, with MT denoting the main tower, and STE, STW and STS denoting short towers
located to the east, west and south of the main tower, respectively. The shading indicates the time of the fire front’s arrival measured in seconds since ignition.

(5.3 m) on the short towers. The 5.3-m level on the short towers did not
precisely align with the lowest level of 5.8 m on the main tower. This
discrepancy arose from variations in the base plate and mounting con-
figurations between the main and short towers. The 3D sonic ane-
mometers recorded east-west (1), north-south (v), and vertical (w) wind
velocity components and sonic temperatures with a sampling rate of 10
Hz.

Using images from infrared (IR) cameras mounted on the main tower

and on a helicopter flying 400-500 m above the burn block, the fire front
perimeters (blue contours in Fig. 1) were estimated and were used to
subjectively determine if the towers were under the influence of a head
fire (fires that burn or spread with prevailing wind) or a flank fire (fires
that burn or spread perpendicular to the prevailing wind). The ignition
was started as a line fire along the northwestern boundary of the burn
block, which then spread with the ambient wind rapidly through the
tower array in the burn block (Fig. 1). As the fire front spread towards
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MT, the head of the fire narrowly missed a direct impact on the tower.
However, for the analysis here, MT is considered as impacted by a head
fire. The fire then continued to spread towards STE, affecting it as a head
fire, and the STW with its right flank. Although STS is located outside the
perimeter of the IR images due to its position, based on the evolution of
the fire it becomes evident that it was impacted by the head fire. The
average head-fire rate of spread, estimated based on the IR images, was
approximately 1.6 m s~ !, while the flank-fire propagation was between
0.8 and 0.96 m s}, and the maximum IR temperature approached 900
°C.

The comprehensive details of the experimental setup, including in-
strument specifications and calibration procedures, can be found in

(a) Short Towers
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Clements et al. (2019). Notably, the ATI sonic anemometers underwent
custom calibration up to 350 °C by the manufacturer. Furthermore,
laboratory tests employing high-temperature heat guns were conducted.
Co-located fine-wire thermocouples alongside the sonic anemometers
recorded peak temperatures of approximately 350 °C within the lowest 5
m of the plume during fire front passage. Following the experiment, a
field intercomparison among all sonic anemometers was carried out
on-site, revealing that they operated within their anticipated perfor-
mance parameters.

The data from the sonic anemometers at each tower were rotated
from Cartesian to streamline coordinate and tilt-corrected following
Wilczak et al. (2001). The longitudinal, lateral and vertical velocity
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Fig. 2. (continued).

perturbations (u, v, w) and temperature perturbations (T") were
calculated by subtracting 10-min block-averaged means (i, v, w, T) from
the 10-Hz data. In line with the methodology described by Seto et al.
(2013, 2014) and Heilman et al. (2015, 2017, 2019, 2021a), the current
analyses incorporated the practice of replacing the means calculated for
the fire period with those from the period preceding the fire. This
adjustment was made to ensure an accurate representation of the tur-
bulence generated by the fire. Further elaboration on this approach,
along with the rationale for selecting 10-minute block averages for
representing the mean flow characteristics, will be provided in greater
detail in the forthcoming Discussion section.

The results below is organized as follows. It begins by showing
original velocity and temperature time series as the fire front progressed
through the tower array. It then delves into an analysis of the fire-

induced turbulent heat and momentum fluxes as well as turbulent ki-
netic energy. The section ends with a discussion on the alteration in
velocity distribution or turbulence regime prompted by the fire front. Of
particular note is the revealing of the fire front’s impact through com-
parisons of various quantities before, during and after its passages. The
height dependency of the fire influence is elucidated by comparing ob-
servations at the 5.8, 10 and 20 m levels on the main tower. Spatial
variations and the influence of fire type (head fire vs. flank fire) are
further explored through comparisons of observations at the three short
towers and the lowest level on the main tower.
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3. Results
3.1. Fire-induced changes to temperature and velocity

Fig. 2 shows the time series of the 10-Hz temperature, horizontal
wind speed and direction, and vertical wind component between 14:50
LST and 15:30 LST on the day of the fire. It is important to note that the
temperature referred to is the sonic air temperature. The line fire was
ignited along the northwestern boundary at 15:04:08 LST swiftly
spreading with the prevailing northwesterly ambient winds across the
tower array. As indicated by the sharp rise in temperature, the fire front
first impinged on MT at 15:05:27 LST, followed by STE at15:07:24, STW
at 15:09:08 and finally STS at 15:10:08 LST. Based on the time when the
fire reached the first tower (MT) and the time when it passed the last
tower (STS) in the tower array, three 10-min time periods were identi-
fied to highlight fire front passage or FFP (15:04 — 15:14), pre fire front
passage or pre-FFP (14:50-15:00) and post fire front passage or post-FFP
(15:20-15:30). These periods were applied consistently to all the towers,
although the exact moment when the fire was first detected by the in-
strument on each tower varied. It is important to highlight that there
were distinct intervals between each of the three periods, separated by
several minutes. This deliberate decision to create non-overlapping pe-
riods served the purpose of reducing the risk of contamination from the
passage of the fire front on the periods preceding and following its
occurrence. By adopting this approach, our objective was to guarantee
that the mean values calculated during the pre-FFP period accurately
represent the ambient conditions unaffected by the fire, while the values
during the post-FFP period accurately reflect conditions not directly
influenced by the fire front.

Despite the differences in their locations relative to the fire front, the
magnitude and variation of the instantaneous temperature, wind speed
and wind direction at the three short towers were similar (Fig. 2a). The
time series at these towers showed significant degree of overlap prior to
the arrival of the fire front, suggesting spatially uniform ambient at-
mosphere across the burn block (Fig. 2a). Prior to the arrival of the fire
front, the minimum temperatures detected by the towers varied between
13°Cat STW and 15 °C at STE while the maximum temperatures ranged
from 16 °C at STW to 19 °C at STE. The fire front drastically increased
temperature from the ambient values of less than 20 °C to peak values
ranging from 290 °C at STS to 340 °C at STE. Immediately following the
fire front passage, the temperature sharply dropped to values below the
pre-FFP level before returning to a general post-FFP level (Fig. 2a). The
sharp dip in temperature behind the fire front was transient, lasting
about 1 min, and the transition from the ambient temperature to the
peak value and back occurred within 10 min. The distribution around
the peak exhibited some asymmetry, with average post-FFP temperature
2-3 °C higher than that during the pre-FFP period. In addition to higher
values, the post-FFP temperature variance was also substantially larger
compared to the pre-FFP period. This asymmetry between the pre-FFP
and post-FFP was expected, as heat from the fire meandered around
the burn block following the FFP, although a small portion of the dif-
ferences may have been a result of diurnal temperature variations. The
peak temperature perturbation was higher at STE (affected by head fire)
than at STW (influenced by flank fire), suggesting more intense heating
associated with the head fire than the flank fire. This, however, was not
corroborated by the fact that the peak temperature value at STS (also hit
by head fire) was somewhat lower than that of STW (Fig. 2a). This
difference in the comparisons between STW situated on the path of the
flank fire with the two other short towers (STE and STS) influenced by
the head fire underscores the challenge of isolating the effects of fire
type (head vs. flank) on air temperature in a real-world situation.

The time series of instantaneous vertical velocity at the three short
towers during the pre-FFP and post-FFP periods display sporadic vari-
ations with both upward and downward motions, each generally
remaining within the range of less than 5 m s~! and centered around a
near-zero mean (Fig. 2a). Corresponding to the 20-30 fold rise in
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temperature during the FFP was a sudden surge in the vertical motion,
with maximum instantaneous updrafts ranging from about 8 m s ! at
STS to 11 m s~ ! at STE. While there was an increase in downward mo-
tion as well, the downdrafts were less intense than the updrafts (Fig. 2a).
It is noteworthy that the peak updraft speed occurred slightly after the
peak temperature.

Interestingly, the asymmetry in temperature variance between the
pre-FFP and post-FFP periods was not observed in vertical velocity.
Vertical motions during the post-FFP period appeared to fluctuate at
levels similar to those observed during the pre-FFP period despite the
increased instability in the surface layer during post-FFP caused by re-
sidual surface heating (Fig. 2a). Moreover, the strength of the peak
updraft at STW, influenced by the flank fire, was between the strengths
observed at the two towers affected by the head fire, making it difficult
to draw any conclusion about how fire type might affect the intensity of
vertical motion.

Compared to the alterations in instantaneous temperature and ver-
tical velocity, fire-induced changes to wind direction and speeds were
relatively small at the three short towers. The instantaneous wind speed
fluctuated in the range of 2-16 m s~! during the pre-FFP period, which
expanded to 0.5-18 m s~! during the FFP period (Fig. 2a). Wind di-
rections were generally westerly during the pre-FFP period, becoming
highly variable during the FFP period, varying between southwesterly
and north-northwesterly, indicating an increase in lateral wind
component as ambient air was drawn towards the fire front. Wind speed
fluctuations were slightly smaller during the post-FFP compared to the
pre-FFP, possibly due to the reduction in roughness lengths by the burn
(Fig. 2a).

In contrast to the relatively small horizontal variations in the
observed temperature and velocity, as indicated by the three short
towers, there were substantial variations between the three vertical
levels on the main tower and the variations are larger between the 5.8 m
and the 10 m levels than between the 10 m and 20 m levels (Fig. 2b). A
sharp rise in temperature associated with the FFP occurred at all three
levels, peaking slightly earlier at the two upper levels, which is indica-
tive of the forward tilt of the thermal plume with height. The heating
from the surface fire decreased rapidly from a peak temperature of more
than 310 °C at 5.8 m to approximately 190 °C at the 10 m and 20 m
levels (Fig. 2b). The noteworthy aspect here is the non-linear decrease
with height above ground in atmospheric heating by the fire, with the
majority of this decrease observed below the 10-meter level. In contrast,
velocity perturbations, whether vertical or horizontal, exhibited similar
magnitude at all three levels, although noticeable changes in direction
were more pronounced at the lowest level (Fig. 2b). The magnitudes of
the FFP-induced temperature and velocity perturbations at the 5.8 m
level (Fig. 2b) were comparable to those observed at the 5.3 m level on
the short towers, particularly at STE (Fig. 2a).

In summary, the FFP was associated with a rapid and substantial
temperature surge, peaking at over 300 °C at 5.8 m, with a subsequent
swift decline to less than 200 °C at 10 and 20 m. The FFP was also related
to significant updrafts exceeding 10 m s}, accompanied by somewhat
weaker downdrafts. The vertical velocity perturbations were slightly
more intense at 5.8 m than at 10 m or 20 m. Compared to the pre-FFP
period, the post-FFP period was characterized by higher mean temper-
ature and increased temperature variability, likely attributed to a
combination of heat meandering on the ground from smoldering activ-
ities and the diurnal temperature fluctuations. In contrast, velocity
variability slightly decreased during the post-FFP period, possibly
resulting from reduced roughness due to the burn. Furthermore, peak
perturbation temperatures and vertical velocities observed at STW,
influenced by flank fires, were lower than those at MT and STE, but
comparable to those at STS, all of which were influenced by head fires.
This inability to substantiate the hypothesis that perturbations are
generally more intense under head fires than flank fires highlights the
challenge of isolating the effects of fire type on fire-induced perturba-
tions in a real-world setting.
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3.2. Fire-induced changes to turbulent heat and momentum fluxes

The 10-s averaged vertical turbulent heat fluxes, pcpﬁ (p is
ambient air density and C,, is heat capacity), during the pre-FFP period
were relatively uniform and small, with values generally less than 1 kW
m2across the three short towers (Fig. 3a). The heat release from the fire
and the increased vertical velocity perturbation (Fig. 2a) led to a drastic
increase in upward vertical turbulent heat flux during FFP, reaching
nearly 400 kW m~2 (Fig. 3a). The heat flux continued to fluctuate be-
tween —1 kW m~2 and 6 kW m~2 during post-FFP, while the amplitude
of fluctuations decreased with time and eventually approached the pre-
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FFP level near the end of the post-FFP. The behavior of turbulent heat
fluxes, including the peak values, appeared to be independent of the
location of the towers on the path of the fire front, as indicated by the
resemblance in the heat flux observations at STW and STS. In other
words, no significant difference was found in turbulent heat fluxes be-
tween the tower hit by head fire (STS) and the tower influenced by flank
fire (STW). It is worth noting that the 10-s averaged peak heat flux at
STE was approximately 50 kW m™2 less than that at STW and STS
(Fig. 3a), although the peak instantaneous temperature and vertical
velocity during FFP were higher at STE than at STW and STS (Fig. 2a). A
closer look revealed that the peak vertical velocity perturbation

400 :
—_ STW
300
— STE
200
100 A
0 L T llL T T T L
15:05 15:09 15:13
Time (LST)

Fig. 3. Observations of 10-second averaged longitudinal (top) and lateral (second from top) component of vertical fluxes of horizontal momentum, friction velocity
(second from bottom) and heat flux (bottom) at the three short towers (a) and the main tower (b). The right panel provides a closer view of the time period

highlighted by the two red vertical dashed lines in the lower left panel.
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Fig. 3. (continued).

occurred shortly after the peak temperature perturbation at STE,
whereas at the two other towers, these peaks were more synchronized
(Fig. 2a).

The 10-second averaged vertical fluxes of horizontal momentum at
the three short towers (Fig. 3a) were dominated by the longitudinal

component, uw, during the pre-FFP period. The predominantly negative
momentum fluxes indicated a downward transfer of higher momentum
air, as expected from the increase of wind speed with height. The FFP
period was characterized by an increase in both the longitudinal and
lateral components of vertical momentum fluxes. The increase in the
two components were comparable at STE, while at STW and STS, the
increase in the lateral momentum flux component was much larger than
that of the longitudinal component. Worth noting, was the increase in
the positive longitudinal momentum fluxes during the FFP, suggesting

higher momentum air in the combustion zone being transferred upward
by turbulent eddies. The friction velocity, denoted as u, =

2 2 . .
(uw~ +vw )%and serving as a measure of the magnitudes of the

vertical fluxes of horizontal momentum, increased by 25 %-200 % from
under 2 m s~ ! at all three towers during the pre-FFP period, to between
2.5 and 4 m s~! during the FFP period (Fig. 3a). Although the lateral
momentum flux component reached its absolute maximum during FFP,
the longitudinal momentum flux component exhibited peaks during
post-FFP (e.g., the peaks around 15:21, 15:24 and 15:26 LST at STS, STW
and STE, respectively) were comparable to the peaks observed during
the FFP period (Fig. 3a).

The observations at the main tower (Fig. 3b) showed a systematic
increase with height in both the magnitudes and the range of fluctua-
tions of friction velocity and the longitudinal momentum flux
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component, a feature expected from increased wind speed with height.
However, the peak heat flux exhibited a decrease from 5.8 m to 10 m,
but a slight increase from 10 m to 20 m (Fig. 3b). At all three levels, the
FFP was associated with only a local maximum in the momentum flux
and friction velocity. The absolute maximum of lateral momentum flux
component and friction velocity were observed between 15:17 and
15:18 LST during the post-FFP period, and the absolute maximum for
the longitudinal component was recorded between 14:52-14:53 LST
during the pre-FFP period (Fig. 3b). However, the peaks in heat flux
during the FFP period were orders of magnitudes larger than the peaks
during the pre-FFP and post-FFP periods. At nearly 400 kWm 2, the fire-
induced maximum heat flux at the lowest level (5.8 m) on the MT
(Fig. 3b) was similar to the peak values observed at 5.3 m on the three
short towers (Fig. 3a).

3.3. Fire-induced changes to turbulent kinetic energy

Turbulent kinetic energy (TKE), defined as %(u’2 +v2 4 w/z), where

u’z, v? and w” are longitudinal, lateral and vertical velocity variance and
the overbar indicates 10-s average, is commonly used as a measure of
turbulent intensity and is widely used to parameterize turbulent transfer
in atmospheric boundary layer in many atmospheric dispersion models
including models used to predict fire smoke dispersion (Kiefer et al.,
2020). As shown in Fig. 4, the FFP was marked by a single, distinct peak
in vertical velocity variance at all three short towers (Fig. 4a) and across
all three levels on the main tower (Fig. 4b). At STS, the FFP coincided
with an absolute peak in the variance of the two horizontal velocity
components, which in combination with the absolute peak in vertical
velocity variance, yielded a pronounced TKE maximum of approxi-
mately 40 m? 572 (Fig. 4a). However, at STW and STE, the peak TKE
values during FFP, about half the peak value at STS, were akin to the
peaks observed outside the fire period. These TKE peaks occurring
outside the fire period were attributed to the absolute peaks in the

(a) Short Towers
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— stw
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Time (LST)
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longitudinal velocity variance observed around 15:26 LST during
post-FFP period at STE and approximately 14:59 LST during pre-FFP
period at STW (Fig. 4a). These findings suggest that while fire induces
a surge in vertical velocity variance, the fire-induced peaks in horizontal
velocity variance are comparable to those that occur in daytime
boundary layer under windy conditions.

No discernible systematic differences in the velocity variance and
TKE were evident between the pre-FFP and post-FFP periods (Fig. 4a).
The similarity between STE and STW suggested that the type of fire had
little influence on velocity variance and TKE.

A similar evolution pattern of velocity variance and TKE was
observed at the three levels on the MT (Fig. 4b). In contrast to the FFP-
induced peak in the vertical fluxes of horizontal momentum, which
increased slightly with height, the FFP-associated TKE peak exhibited a
slight decrease with increasing height (approximately 20, 19, and 18 m?
s 2 at 5.8, 10 and 20 m, respectively). This divergence arose from the
variance of the two horizontal velocity components decreasing with
height, even as vertical velocity variance increased with height (Fig. 4b).

Similar to the short towers, the peak TKE values during the FFP
period at all three levels on the MT were akin to those observed outside
the fire period. Notably, an absolute TKE peak of about 25 m? s2 was
registered at the 10-meter level, occurring around 15:21 LST during the
post-FFP period, which was due primarily to a surge in the lateral ve-
locity variance.

The relative contributions to TKE from horizontal and vertical ve-

locity variance, measured by the ratio, w? /(2 x TKE), reveals the level
of anisotropy in turbulence regimes. If this ratio is less than 1/3, TKE is
dominated by horizontal velocity variance and the turbulence is aniso-
tropic. A ratio close to 1/3 suggests isotropic turbulent regime (Heilman
et al., 2015).

The pre-FFP ratios were well below 1/3 at 5.8 m on the MT and the
three short towers (Fig. 5), indicating anisotropic turbulence. This
outcome was anticipated due to the proximity to the ground surface,

(b) Main Tower
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Fig. 4. Observations of 10-second averaged longitudinal (top), lateral (second from top) and vertical (second from bottom) velocity variance and turbulent kinetic

energy (bottom) at the three short towers (a) and the main tower (b). .
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Fig. 5. Observations of 1-minute averaged ratios of vertical velocity variance to the sum of longitudinal, lateral and vertical velocity variance at the main tower and

the three short towers.

where the vertical component of turbulent motion was dampened, and
consequently, an anisotropic turbulence regime is expected (Fig. 5). The
ratios were larger higher up at 10 m and 20 m than at 5.8 m on the MT,
but still below 1/3, except for a few isolated moments (Fig. 5). The ratios
during FFP increased to near 1/3 at 5.8 m and to above 1/3 at 10 m and
20 m, indicating that the effect of FFP was to move turbulence field
toward isotropy or toward a turbulence regime more heavily influenced
by vertical velocity variations. At 20 m, the ratio was greater than 0.5,
suggesting that the TKE became dominated by the vertical velocity
variance due to the fire. The observations at the three short towers
closely resemble that at the lowest level on the MT.

3.4. Fire-induced changes to velocity distribution

Changes to the turbulent velocity distributions by the fire can be
measured by Skewness (S) and Kurtosis (K) computed as normalized
third-order and forth-order moments, respectively. A turbulence veloc-
ity distribution with S = 0 or K = 3 is a Normal or Gaussian distribution
and a non-zero value of S or K-3 suggest a departure from the Gaussian
regime (Wilson and Flesch, 1997).

During the pre-FFP period, both the horizontal and vertical velocity
distributions were nearly Gaussian with S values varying between +0.15
(except for STW with S = 0.3) and |K —3| < 1 (Figs. 6, 7). The horizontal
velocity distribution remained nearly Gaussian during the FFP and Post-

10

10

Horizontal Velocity

o Bl HL

Skewness
o
o

|
o4
o

|
[y
o

w

Vertical Velocity

. pre-FFP
- FFP
21 m— post-FFP
A
e
P 1 I J_ J
[
X
’ l-
04 - - -
-1 . . . . . . .
20m 10m 5.8m STE sTS sTW

Fig. 6. Skewness of the horizontal (top) and vertical (bottom) velocity per-
turbations at the three short towers and the main tower during pre-FFP, FFP
and post-FFP.



S. Zhong et al.
4
Horizontal Velocity

34 - - - = =
)
3
S 2 EE--- R - EEEEEE - LR - SRR --
2

P - --- - - --- - - --- - - - - P - - - - -

20 - -
Vertical Velocity mEm pre-FFP
- FFP
151 . post-FFP

2
3 10 4
t
2

54

0-

20m 10m 5.8m STE STS STW

Fig. 7. Kurtosis of the horizontal (top) and vertical (bottom) velocity pertur-
bations at the three short towers and the main tower during pre-FFP, FFP and
post-FFP.

FFP periods. However, the vertical velocity distributions during the FFP
exhibited significant departure from Gaussian, with 1 < |S| < 3 and 6
< |K —3]| < 36 among the towers (Figs. 6, 7). The large, positive S and K
for vertical velocity suggested the presence of stronger, narrower up-
drafts surrounded by weaker, broader downdrafts during FFP. This
asymmetry in the updrafts and downdrafts associated with FFP has
important implications for scalar (smoke particles, heat and moisture)
transport into and out of the combustion zone in the atmospheric
boundary layer. However, operational dispersion models often rely on
diffusion parameterizations that assume Gaussian turbulence. Given the
observed asymmetry in the updrafts and downdrafts associated with fire
front, it is likely that these models may produce inaccurate predictions
of smoke distribution.

4. Discussion

In comparison to previous wildland fire experiments, the turbulent
perturbations observed during this experiment either exceeded or fell
within the upper range of what has been documented previously (e.g.,
Clements et al., 2008; Seto et al., 2013; Clark et al., 2020; Heilman et al.,
2015, 2017, 2019, 2021a; Katurji et al., 2022a). This outcome aligns
with expectations, considering the unique characteristics of the fire
under examination and the red flag conditions, indicative of fire-prone
atmospheric conditions, under which the experiment was conducted.
However, it is crucial to exercise caution when comparing the magni-
tudes of turbulent properties such as TKE and heat and momentum
fluxes from our study with those of other experiments, as these values
can exhibit substantial variations depending on the chosen averaging
time period used in the data analysis.

A fundamental assumption in the analysis of turbulence data is the
selection of an averaging time scale for computing the mean flow
properties, from which turbulent perturbations or fluctuations are
determined as deviations from the mean. For slower burning, low-
intensity fires, longer time scales ranging from 10! to 10? min have
usually been applied to compute the means. Conversely, for fast
spreading, high-intensity fires, smaller time scales of 10° to 10! min
have often been employed. The choice of an averaging time scale ulti-
mately defines what constitutes turbulent fluctuations relative to the
ambient atmospheric flows surrounding the fire, thereby significantly
influencing the interpretation of the analysis results.

Furthermore, the selection of the averaging time scale can also be
influenced by the specific research questions being addressed. If the
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inquiry pertains to the longer-term effects of a fire on the surrounding
atmospheric boundary layer, a longer time scale may be preferred.
Conversely, if the focus is on capturing short-term variations in wind
patterns and their feedback on fire behavior, a shorter time scale may be
more appropriate.

Previous studies on atmospheric turbulence observed during pre-
scribed fire experiments have applied a range of time scales for
computing means and perturbations. For example, Clements et al.
(2008) utilized a 1-minute running average for their analysis of data
collected during the FireFlux experiment conducted in 2006 on the same
burn plot as this experiment. This choice of a 1-minute running mean is
likely to filter out the effects of large eddies resulting from
fire-atmosphere interactions, leading to smaller magnitudes of turbulent
fluxes. This reduction in turbulence magnitude is expected, as part of the
turbulent fluctuations is already represented in the rapidly modified
mean flow affected by the fire. Similarly, in an investigation of
above-canopy turbulence and energy fluxes during eight prescribed fires
in pine-dominated forests of the New Jersey Pinelands, Clark et al.
(2020) employed a 1-minute averaging period for deriving TKE. How-
ever, they extended the averaging period to 10 min when computing
turbulent momentum and heat fluxes. The 10-min averaging period was
also selected by Seto and Clements (2011) in their analyses of data
collected during prescribed grass fire in a narrow valley.

In contrast, much longer averaging period of 30 min was utilized in
Seto et al. (2013) that analyzed data from four prescribed fire experi-
ments characterized by different fuel, terrain, and atmospheric condi-
tions. Additionally, to ensure that the perturbations more accurately
represent fire-induced turbulence, they replaced the mean values
computed during the fire period with the 30-minute block average from
the block immediately preceding the fire period. A similar approach of
replacing fire-period mean with pre-fire period mean was adopted in a
series of studies conducted by Heilman et al. (2015, 2017, 2019, 2021a)
that explored turbulence during low-intensity forest understory fires in
the New Jersey Pine Barrens. In our current analyses, we also adopted
the approach of replacing the fire-period mean with the pre-fire period
mean. This choice allowed us to depict ambient atmospheric flow un-
affected by the fire, thereby treating all fire-induced perturbations as
turbulence.

In addition to the time period chosen for computing mean flow
properties, time period used to average variance (i.e. TKE) and covari-
ance (e.g. turbulent heat and momentum fluxes) also affects the
magnitude of these quantities, with longer periods generally yielding
lower average values. Some studies applied the same averaging period
for computing turbulence perturbations of individual variables and the
variance and co-variance of these perturbations (e.g. Clements et al.
2008), while others opted for different averaging periods (e.g., Heilman
et al. 2017).

It is worth noting that although the averaging period or the filter
length holds significance, the analysis of the statistical population of
eddies through Gaussian statistics does not align well with the non-
stationary and non-Gaussian nature of our current problem.

Despite the challenges posed by differences in fire characteristics and
chosen averaging time scales, as well as the limitations association with
employing Gaussian statistics for the analyses, it is important to recog-
nize that comparative analyses across diverse experiments can still
provide valuable insights into fire-induced turbulence and fire-
atmosphere interactions. Such intercomparisons contribute to our col-
lective understanding of these complex phenomena and their broader
implications.

Comparing the results of this study with those from the FireFlux
experiment conducted earlier on the same burn plot with similar fuel
conditions (Clements et al. 2007, 2008), a striking contrast emerges in
terms of turbulent heat fluxes. In this study, peak turbulent heat fluxes
were found to be at least an order of magnitude larger, registering
approximately 300-400 kW m 2, as opposed to the 25-30 kW m 2
recorded in FireFlux. This notable disparity can be attributed, in part, to
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the different meteorological conditions, as well as to the differing
averaging periods employed; the current study adopted a 10-minute
block average for computing mean flow characteristics and 10-second
averaging period for the fluxes, whereas FireFlux utilized a
one-minute running average for both. Nevertheless, based on instanta-
neous measurements of temperature and vertical velocity, the peak
instantaneous heat flux was estimated to reach approximately 3.5 MW
m~2 in this study, exceeding threefold the peak value of 1 MW m™2
recorded during FireFlux. The much larger heat flux during this exper-
iment can be ascribed to the Red Flag Warning condition, characterized
by drier fuel conditions leading to increased heat release from com-
bustion, as well as significantly stronger wind speeds during the burn. It
is important to highlight that the conversion from the unit (°C m s™!) of
kinematic heat flux (W_T) to the unit (W m~2) of heat flux (pCpW_T) did
not consider the alteration in air density induced by the fire, which is
expected to be lower than the surrounding ambient air density. As a
result, the fire-induced heat flux values are likely overestimated. Besides
the differences in the magnitude of the heat fluxes, notable distinction is
also found in the vertical distribution of peak heat flux values. In this
experiment, the peak fire-induced turbulent heat flux exhibited a
decrease from 5.8 m to 10 m, followed by a slight increase from 10 m to
20 m. In contrast, the peak heat flux values observed during FireFlux
consistently decreased with increasing height, occurring at 2, 8, 20, and
43 m.

What is particularly intriguing is that the magnitudes of momentum
fluxes or friction velocity remain relatively comparable, ranging
approximately 3-8 m? s™2. This unexpected similarity suggests that
during the occurrence of a fire, momentum flux or shear stress is pri-
marily influenced by local and smaller eddies, while heat flux is pre-
dominantly governed by larger eddies.

While the velocity covariance or momentum fluxes exhibit similar-
ities between the two studies, noticeable distinctions emerge in the case
of velocity variance or TKE, with TKE in the current study approximately
twice the values recorded in the FireFlux experiment. It is worth noting
that this dissimilarity, though more pronounced than the difference in
momentum flux, remains relatively minor when contrasted with the
substantial differences in heat flux. This discrepancy can be attributed to
the significantly greater influence exerted by the large eddies generated
by the fire on temperature and vertical velocity perturbations, as
opposed to their impact on horizontal velocity perturbations.

Despite the aforementioned differences, several noteworthy charac-
teristics observed during this experiment mirror those documented in
the FireFlux experiment. These commonalities include the forward tilt of
the plume with increasing height, the dramatic surge in upward heat
flux during the fire, the transition of momentum flux from predomi-
nantly downward to upward, and the observation that the peak in TKE
and ux may represent a local maximum, rather than the absolute
maximum that might occur prior to or after the fire. In essence, despite
the generation of remarkably high heat flux, these grassfires do not yield
TKE and shear stress values significantly exceeding those observed in a
daytime windy boundary layer. Furthermore, the fire induces a shift in
turbulence towards a more isotropic regime, as the vertical velocity
variance becomes comparable to the horizontal velocity variance. This
stands in contrast to the pre-fire and post-fire conditions when the latter
is much larger, representing anisotropic turbulence.

Moreover, the current study sought to differentiate between head fire
and flank fire influences. Regrettably, the results do not offer definitive
distinctions, highlighting the inherent complexities in delineating their
differences in a real world setting. Further research may be warranted to
refine this understanding.

5. Conclusions

The in-situ sonic anemometer measurements collected during an
intense grass fire experiment have revealed several crucial insights into
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the atmospheric disturbances associated with wildland fires. The pas-
sage of the fire front was marked by a dramatic surge in near-surface
(5-6 m above ground) instantaneous temperature, recorded at 10 Hz
frequency, surpassing 300 °C. This was coupled with vigorous updrafts
exceeding 10 m s~! and relatively less forceful downdrafts operating at
half the speed. Ambient air was drawn towards the front as indicated by
the shift of horizontal wind direction or an increase in lateral velocity
component and gustiness, although overall horizontal wind speed show
marginal changes. Behind the fire front, vertical motion subsided to
ambient levels, yet the near-surface atmosphere remained more unstable
than the ambient environment due to elevated temperatures. The fire-
induced increase in temperature and horizontal convergence
decreased with height, and much of the decrease occurred between the
5.8 m and 10 m levels.

Similar to temperature and vertical motion, the fire front passage
was accompanied by a rapid increase in 10-second averaged upward
vertical turbulent heat flux that reached nearly 400 kW m™2 and tur-
bulent kinetic energy (TKE) that reached nearly 40 m? s~2. Instanta-
neous heat flux exceeded 3 MW m~2 A significant portion of the
increase in TKE was attributed to the rise in vertical velocity variance,
which displayed a distinct peak induced by the fire. While the horizontal
velocity variance also experienced an upsurge during the fire, its
magnitude may not surpass the local peaks observed outside the fire
period.

A notable shift occurred in the vertical fluxes of horizontal mo-
mentum, transitioning from predominantly negative (downward) to
some positive (upward) during fire front passage, suggesting higher
momentum air in the combustion zone being transferred upward by
turbulent eddies. The increase in the lateral component of vertical fluxes
of horizontal momentum was much larger than that of the longitudinal
component. While fire-induced TKE and particularly vertical heat fluxes
decreased from the lowest tower level at 5.8 m to the next level at 10 m,
the vertical fluxes of horizontal momentum and friction velocity
increased slightly between the two levels. In addition, the peak values
related to fire front passage were the absolute maxima for temperature,
vertical velocity and variance, and vertical heat flux, yet they were local
maxima for horizontal velocity and variance, TKE, vertical flux of hor-
izontal momentum and friction velocity. These findings suggest that
despite the substantial heat exchange of approximately 300-400 kW
m~2 between the combustion zone and the atmosphere and the
accompanying surge in vertical motion of about 10 m s, the impact of
the fire on horizontal velocities and the associated wind shear may not
exhibit distinctive characteristics when compared to those observed in a
daytime atmospheric boundary layer under windy conditions.

The fire front passage moved the turbulence regime from anisotropic
towards isotropic. The vertical velocity distribution accompanying the
fire front passage deviated significantly from Gaussian, with large pos-
itive skewness and kurtosis values indicating the presence of stronger,
narrower updrafts surrounded by weaker, broader downdrafts. This
asymmetry in updrafts and downdrafts associated with the fire front
passage has important implications for scalar (smoke particles, heat and
moisture) transport into and out of the combustion zone.

The tower placement downwind of the fire line was designed to
capture the differential influence of heading and flanking fires. The data
and analysis, however, failed to confirm the hypothesis that fire-induced
perturbations due to a head fire would be more intense than those due to
a flank fire. This underscores the challenge in isolating the effects of fire
type on the ambient atmosphere in a real-world setting, where
numerous factors, such as small-scale heterogeneity in fuel and atmo-
spheric conditions, may come into play.

The results here provide, to our knowledge, the first in-situ obser-
vations of atmospheric turbulence during an intense grassfire under a
Red Flag Warning, signifying the presence of weather conditions
conducive to the rapid spread of wildfires, typically coinciding with
burn bans and heightened fire danger across the affected regions. While
the peak values in TKE, heat and momentum fluxes could be viewed as
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upper limits for prescribed fires, they may not fully encompass the
extreme conditions of wildfires. Nevertheless, these findings hold valu-
able insights into fire-induced turbulence and could be useful for vali-
dating and improving turbulence parameterizations in fire-behavior and
smoke-dispersion models.
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